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The expression of oncogenic ras in normal human cells quickly induces an aberrant proliferation response
that later is curtailed by a cell cycle arrest known as cellular senescence. Here, we show that cells expressing
oncogenic ras display an increase in the mitochondrial mass, the mitochondrial DNA, and the mitochondrial
production of reactive oxygen species (ROS) prior to the senescent cell cycle arrest. By the time the cells
entered senescence, dysfunctional mitochondria accumulated around the nucleus. The mitochondrial dysfunc-
tion was accompanied by oxidative DNA damage, a drop in ATP levels, and the activation of AMPK. The
increase in mitochondrial mass and ROS in response to oncogenic ras depended on intact p53 and Rb tumor
suppression pathways. In addition, direct interference with mitochondrial functions by inhibiting the expres-
sion of the Rieske iron sulfur protein of complex III or the use of pharmacological inhibitors of the electron
transport chain and oxidative phosphorylation was sufficient to trigger senescence. Taking these results
together, this work suggests that mitochondrial dysfunction is an effector pathway of oncogene-induced
senescence.

Mitochondria are central to cell metabolism and energy pro-
duction. High-energy electrons coming from the oxidation of
different carbon sources such as glucose and fatty acids enter
the mitochondrial electron transport chain as reduced equiva-
lents, and their energy gradually is converted into a proton
gradient. Mitochondria use this gradient to synthesize ATP
that later is used for biosynthetic reactions (9, 30). Mitochon-
dria also control decisions for life and death. Changes in mi-
tochondrial membrane permeability lead to the release of pro-
apoptotic mediators that can kill cells with DNA damage or
activated oncogenes (16). In this way, mitochondria control
one of the major tumor suppressor responses: apoptosis (27).
Some oncogenes, such as RasV12, STAT5, and Bcl2, have
antiapoptotic activity, and some cell types have a high apop-
tosis threshold. Another tumor suppressor response, called
cellular senescence, serves as a fail-safe mechanism against the
transforming activity of antiapoptotic oncogenes (29, 40, 43).
However, currently it is unknown whether mitochondria also
can play a role in oncogene-induced senescence (OIS).

OIS is phenotypically similar to the senescence response
triggered by short telomeres, also known as replicative senes-
cence (6). Replicative senescence is, in essence, the conse-
quence of a DNA damage response triggered by short telo-
meres (11). OIS also involves the DNA damage response (2,
15, 28), but the mechanism of DNA damage and the contri-
bution of mitochondria to it are unclear. It has been demon-

strated that mitochondria play a critical role in replicative
senescence, and several mitochondrial changes, including an
increase in the production of reactive oxygen species (ROS),
were reported in cells with short telomeres (34, 35). Mitochon-
drion-derived ROS contribute to the senescent phenotype by
damaging the DNA (35) and therefore amplifying the DNA
damage signals originally caused by short telomeres. We rea-
soned that a similar amplifying mechanism involving the mito-
chondria could operate in cells expressing oncogenes.

Here, we use Ha-RasV12, an oncogenic allele of Ha-Ras, to
study the role of mitochondria in OIS. RasV12 is a very im-
portant human oncogene and was the first linked to the senes-
cence program (43). We report that oncogenic ras induces an
increase in mitochondrial mass, mitochondrial DNA, and mi-
tochondrial superoxide production before any sign of senes-
cent cell cycle arrest. With time, these mitochondrial changes
evolved into a severe mitochondrial dysfunction characterized
by a further increase in ROS production, the accumulation of
depolarized mitochondria around the cell nucleus, a decrease
in ATP, and the activation of AMPK. The mechanism of the
increase in mitochondrial mass and ROS in response to onco-
genic ras was found to be dependent on either p53 or Rb. In
addition, direct interference with mitochondrial functions by
downregulating the mitochondrial Rieske iron sulfur protein
(RISP) or by using pharmacological inhibitors of oxidative
phosphorylation induced senescence. We suggest that the
senescence effector mechanism acting downstream of p53
and Rb involves mitochondrial dysfunction.

MATERIALS AND METHODS

Cells, chemicals, and retroviruses. Normal human diploid IMR90 fibroblasts
(ATCC, Manassas, VA) were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen, Logan, UT) supplemented with 10% fetal bovine serum (FBS;
Invitrogen) and 1% penicillin G-streptomycin sulfate (Invitrogen). Rotenone
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and oligomycin were purchased from Sigma. Retroviruses pBabe, pBabe-
RasV12, pWZL, pWZLRasV12, pLPC, and pLPCE1A were described by
Serrano et al. (43), pRetroSuper-shp53 and pRetroSuper-shGFP were de-
scribed by Voorhoeve and Agami (47), and pLXSNE7 was a gift from D.
Galloway. pSIRENshRISP was a gift from N. Chandel (5). MSCVshp16 was
a gift from S. W. Lowe (32).

mtDNA quantitation. Total DNA was extracted as described previously (7).
The real-time PCR mixture contained 30 ng of total DNA, forward and reverse
primers (250 nM), deoxynucleoside triphosphates (0.2 mM), SYBR green
(0.33�), buffer for Jump Start Taq supplemented with 2.5 mM MgCl2, and Jump
Start Taq (0.5 U; Sigma) in a final volume of 20 �l. After denaturation at 95°C
for 10 min, samples went through 40 cycles of amplification (20 s at 95°C, 20 s at
58°C, and 30 s at 72°C). A dissociation protocol followed the amplification
program to characterize the amplified product(s). Quantitative PCR (qPCR) was
performed using a LightCycler 480 (Roche Applied Science, Canada), and rel-
ative quantification of mitochondrial DNA (mtDNA) over nuclear DNA
(nuDNA) levels was determined using the ��Cp method, where Cp is the
crossing point. Experiment was performed three times in triplicate. The primers
used were the following: mtDNA PCR (within D-loop), forward, GATTTGGG
TACCACCCAAGTATTG; reverse, GTACAATATTCATGGTGGCTGGCA;
and nuDNA PCR (within the TBP nuclear region on chromosome 6), forward
TTCACTTCCCCTTGGCCACAACAT; reverse, TGTTCCATGCAGGGGAA
AACAAGC.

Cell proliferation and senescence determination. To determine cell prolifer-
ation rates, we estimated cell counts at different times after plating using a crystal
violet retention assay (14). Bromodeoxyuridine-propidium iodide (BrdU/PI)
staining and fluorescence-activated cell sorting (FACS) was done according to
Ferbeyre et al. (14). Data were analyzed by the software CellQuest (version 3.3).
Senescence-associated �-galactosidase (SA-�-gal) activity was assayed as de-
scribed previously (14). Data were quantified from 200 cells counts in three
independent experiments (n � 3).

Protein expression. To prepare total cell protein, cells were collected by
trypsinization, washed with phosphate-buffered saline (PBS), lysed in sodium
dodecyl sulfate (SDS) sample buffer (60 mM Tris-HCl, pH 6.8, 10% glycerol, 2%
SDS, and 100 mM dithiothreitol), and boiled for 5 min. For Western blotting, 25
�g of total protein was separated on SDS-polyacrylamide gel electrophoresis gels
and transferred to Immobilon-P membranes (Millipore, Bedford, MA). We used
the following primary antibodies: anti-�1-�2-AMPK (2532; 1:1,000; Cell Signal-
ing), anti-phospho-acetyl coenzyme A carboxylase (AAC) (3661; 1:1,000; Cell
Signaling), anti-p53 (9282; 1:1,000; Cell Signaling), anti-p21 (Sc-397, 1:200, Santa
Cruz Biotechnology), anti-HDM2 (4B11; 1:250; A. Levine), anti-H-Ras (F235)
(sc-29; 1:200; Santa Cruz Biotechnology), anti-Rb (G3-245; 1:500; BD), anti-
RISP (A21346; 1:1,000; Molecular Probes), antitubulin (T5168; 1:5,000; Sigma),
and anti-phospho-Thr172-AMPK (40H9; 1:1,000; Cell Signaling). Signals were
revealed after incubation with anti-mouse or anti-rabbit secondary antibodies
coupled to peroxidase (Amersham Pharmacia, Amersham, United Kingdom) by
using enhanced chemiluminescence (Amersham Pharmacia).

Fluorescence microscopy. For fluorescence microscopy, IMR90 (5 � 104) cells
were plated on coverslips placed on 6-well plates (Costar, Corning, NY). Twenty-
four hours after plating, the cells were fixed with 4% paraformaldehyde for 15
min at room temperature. Subsequently, the cells were washed in PBS and
permeabilized using ice-cold 0.2% Triton X-100 in PBS–3% bovine serum albu-
min (BSA) solution for 5 min. The cells then were washed three times with
PBS–3% BSA and incubated for 1 h at room temperature with the following
primary antibodies: anticatalase (ab1877-10; 1:200; Abcam), anti-�H2AX (05-
636; 1:200; Upstate), and anti-PML (sc-966; 1:200; Santa Cruz Biotechnology).

For 8-hydroxy-2	-deoxyguanosine (8-OHdG) detection, cells were incubated
with 2 M HCl for 20 min at room temperature after fixation. After the removal
of HCl, 0.1 M sodium borate, pH 8.5, was added for 2 min. Cells were washed
with PBS and permeabilized with 0.2% Triton X-100 in PBS–3% BSA solution
for 5 min at room temperature. Cells then were washed three times with PBS–3%
BSA. Incubation with primary antibody against 8-OHdG (ab26842; 1:50; Abcam)
was performed overnight at 4°C in a humidification chamber. We tested this
protocol with cells treated with 100 �M hydrogen peroxide (see Fig. S6 in the
supplemental material).

After primary antibodies cells were washed three times with PBS–3% BSA
solution, they were incubated with the appropriate secondary antibody (1:5,000)
(Alexa Fluor 488–goat anti-mouse, Alexa Fluor 488–goat anti-rabbit, Alexa
Fluor 568–goat anti-mouse, or Alexa Fluor 568–goat anti-rabbit antibody) for 1 h
at room temperature. Cells then were washed three times with PBS alone and
once with PBS containing 300 nM 4	,6	-diamidino-2-phenylindole (DAPI) for 10
min. Images from independent fields were captured and processed with the

software Metamorph. Each experiment was repeated three times, and represen-
tative fields are presented in each figure.

Determination of mitochondrial mass, mitochondrial membrane potential,
and ROS. To measure mitochondrial mass, we used MitoFluor Green (M-7502;
Molecular Probes, Eugene, OR). Cells were incubated for 15 min with 100 nM
MitoFluor Green and washed with Hanks’ balanced salt solution (HBSS; Gibco),
and the intensity of labeling was measured by FACS or immunofluorescence.

To measure mitochondrial membrane potential, we used the cationic dye JC-1
(Molecular Probes). Cells were incubated with 0.77 �M JC-1 for 20 min and
washed with HBSS (Gibco).

To measure hydrogen peroxide cells, we used 2 �M dichlorodihydrofluores-
cein diacetate (DCFDA; Molecular Probes) using conditions indicated by the
manufacturer. To measure superoxide, we used 1 �M dihydroethidium (DHE)
or 5 �M MitoSox from Molecular Probes. Fluorescence probes were detected by
immunofluorescence microscopy or FACS. Nuclei were visualized by 4 �g/ml
Hoechst stain (Molecular Probes).

Determination of ATP concentration and glucose consumption. The ATP
concentration was determined using an ATP determination kit, and the data
were normalized for total cell protein (Invitrogen). For glucose consumption,
5 � 104 cells 6 days postselection were plated into 6-well plates, and media were
taken 24, 48, and 72 h later. The glucose concentration in a medium was
measured using the QuantiChrom glucose assay kit (BioAssay Systems). The rate
of consumption was calculated by dividing the concentration of glucose mea-
sured 72 h after plating by the concentration measured 24 h after plating. Each
concentration was normalized to cell numbers measured by a Casy cell counter.

qPCR. Total RNA was extracted from IMR90 cells expressing a vector control
or RasV12 at day 8 after selection using Tryzol (Invitrogen, Burlington, Ontario,
Canada). Reverse transcription was performed on 2 �g of total RNA using the
RevertAid H first minus-strand cDNA synthesis kit (MBI Fermentas, Burlington,
Ontario, Canada) and oligo(dT) as recommended by the manufacturer. The
resulting cDNA was diluted 10 times to a final volume of 200 �l prior to real-time
PCR. Each real-time PCR amplification reaction mixture contained the reverse
transcription dilution (2 �l), forward and reverse primers (250 nM), MgCl2 (4
mM), deoxynucleoside triphosphates (0.2 mM), SYBR green (0.33�), buffer for
Jump Start Taq, and Jump Start Taq (0.5 U; Sigma) in a final volume of 20 �l.
After denaturation at 95°C for 10 min, samples went through 40 cycles of
amplification (30 s at 95°C, 30 s at 58°C, and 30 s at 72°C). A dissociation
protocol followed the amplification program to characterize the amplified prod-
uct(s). qPCR was performed using a LightCycler 480 (Roche Applied Science,
Canada), and the relative quantification of gene expression levels above those of
the levels of the housekeeping gene �-actin was determined using the ��Cp
method. The experiment was performed three times in triplicate, and a typical
result is shown. The primers used were the following: for SOD2, forward, CAG
GATCCACTGCAAGGAACAA; reverse, GTAAGCGTGCTCCCACACA
TCA; for �-actin, forward, AGAGCTACGAGCTGCCTGAC; reverse, AAAG
CCATGCCAATCTCATC; for NRF1, forward, GCTACAGTCACTATGGCG
CTTAACA; reverse, ACGATCTGTCCCCCACCTTGTA; for NRF2a, forward,
TGAAATACTCCAGCCATGACTAAAAGA; reverse, CGCGTAGGTTTGTT
CTACAATGC; for TFAM, forward, CCCATATTTAAAGCTCAGAACCC
AGA; reverse, TTGAATCAGGAAGTTCCCTCCA; for PGC1�, forward, GG
CAGGCCTCAGATCTAAAAGTCA; reverse, GCATCATGGGAGCCTTCTT
GTC; and for PGC1�, forward, GCTACGAGGAATATCAGCACGA; reverse,
AATCACACGGCGCTCTTCAA.

RESULTS

Oncogenic ras induces an increase of mitochondrial mass
and the production of ROS in normal human fibroblasts.
Ras-induced senescence can be inhibited by using antioxidants
or growing cells in low-oxygen conditions (8, 25, 33, 51). These
treatments act in part by preventing the accumulation of ROS.
The source of ROS and the mechanism linking oncogenic
activity to their production presently are not clear. To investi-
gate these issues, we introduced oncogenic ras into normal
human IMR90 fibroblasts by retroviral gene transfer using
vectors that confer puromycin resistance. We then selected a
population of Ras-expressing cells after treatment with puro-
mycin for 2 days. We analyzed these cell populations at two
time points. The first one chosen was 2 days after selection
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(4 days after infection), a time at which Ras-expressing cells
were not senescent but showed signs of hyperproliferation, as
reported before (14, 26). The second one was 8 days after
selection, when all cells are arrested and senescent (14, 26).
First, we stained the cells with the mitochondrial superoxide
indicator MitoSox. We found that Ras-expressing cells exhib-
ited a dramatic increase in superoxide production according to
this marker at day 2 after selection (Fig. 1A). This superoxide
signal in mitochondria was even higher in fully senescent cells
(day 8 after selection) (Fig. 1A). Taken together, these data
suggest that mitochondria in cells expressing oncogenic ras are
an important source of superoxide.

The superoxide anion in the mitochondria can be converted
into hydrogen peroxide (H2O2) by manganese superoxide dis-
mutase (MnSOD) (49). We studied the accumulation of H2O2

using the fluorescent probe DCFDA. In cells expressing onco-
genic ras, we did not detect a large accumulation of H2O2 with
DCFDA early after the introduction of oncogenic ras (2 days
after selection) (Fig. 1B). However, 8 days after selection,
senescent cells accumulated H2O2 around the nucleus in vac-
uolated compartments (Fig. 1B). These vacuoles are visible in
the light microscope in Ras-senescent cells (Fig. 1B and C),
and their identity and role remain to be investigated. Labeling
mitochondria with green fluorescent protein-MnSOD did not

FIG. 1. Mitochondrial changes in Ras-expressing cells. (A) MitoSox fluorescence images of Ras-expressing cells and cells with a control vector
obtained from cells 2 and 8 days after selection. (B) DCFDA fluorescence images of cells as described for panel A. Nuclei were counterstained
with Hoechst 33342. PC means phase-contrast images, and the arrows point to vacuoles that characterize the cytoplasm of Ras-senescent cells.
(C) Magnified immunofluorescence image to visualize the vacuoles in the cytoplasm of Ras-senescent cells stained with DFCDA. (D to F)
Fluorescence intensity of cells analyzed by flow cytometry and stained with DHE, DCFDA, or Mitofluor Green as indicated. (G) Real-time PCR
measuring the relative levels of mtDNA versus nuDNA in cells with control vector or its derivative expressing oncogenic ras.
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show a predominant localization of mitochondria into these
vacuoles (see Fig. S1 in the supplemental material). We con-
firmed and quantified the accumulation of ROS seen by im-
munofluorescence using flow cytometry with cells obtained 8
days after selection. In this case, superoxide was detected using
DHE, another superoxide indicator (Fig. 1D), and H2O2 was
measured with DCFDA (Fig. 1E). Taken together, the data
show that cells expressing oncogenic ras have an increased
generation of both anion superoxide and hydrogen peroxide.

Since the staining of Ras-expressing cells with MitoSox sug-
gests that mitochondria are the source of this ROS, we used
MitoFluor Green to study how oncogenic ras affects mitochon-
dria. This compound preferentially accumulates in mitochon-
dria, becoming fluorescent in their lipid environment, and thus
it gives an estimate of the mitochondrial mass in cells. We
observed green fluorescence all over the cytoplasm, but it was
predominantly perinuclear in both control cells and cells ex-
pressing oncogenic ras 2 days after selection (see Fig. S2 in the
supplemental material). In cells obtained 8 days after selection,
at a time when the entire cell population is senescent, we found
a dramatic increase in perinuclear MitoFluor Green fluores-
cence (see Fig. S2 in the supplemental material). These immu-
nofluorescence data were confirmed by flow cytometry, show-
ing again an increase in MitoFluor Green labeling in Ras
senescence 8 days after selection (Fig. 1F). To have an inde-
pendent confirmation of an increase in mitochondria induced
by oncogenic ras, we measured the levels of mtDNA by real-
time PCR. We found that Ras-expressing cells also have an
increase in mtDNA after day 2, when cells are not yet senes-
cent (Fig. 1G).

The increase in mitochondrial mass and DNA in cells ex-
pressing oncogenic ras may result from the induction of a
mitochondrial biogenesis program. This program is known to
be controlled by several transcription factors and coactivators
(21). In agreement with this idea, oncogenic ras induced the
expression of NRF2a, PGC1�, PGC1�, and TFAM but not
NRF1 before the cells were senescent, 2 days after the intro-
duction of oncogenic ras (Fig. 2). The expression of these
genes was even higher when the cells already were senescent
(Fig. 2). Moreover, that the expression of NRF1 also was
increased 8 days after selection is consistent with the fact that

NRF1 is an NRF2a target gene (37). Taken together, the
results indicate that the expression of oncogenic ras led to both
mitochondrial ROS production and mitochondrial biogenesis.
We view the latter as a programmed response to mitochondrial
damage that could help to replace injured mitochondria. How-
ever, in cells expressing oncogenic ras, these newly formed
mitochondria also would be exposed to the oncogenic stress
and also eventually will be damaged. Therefore, we next eval-
uated mitochondrial functionality after several days of ras ex-
pression, when cells already are senescent.

Collapse of mitochondrial membrane potential in cells ex-
pressing oncogenic ras. Functional mitochondria maintain a
gradient of protons and ions across the inner mitochondrial
membrane. High levels of ROS may damage mitochondria,
leading to the opening of mitochondrial pores and allowing the
influx of protons and ions, which leads to a loss of membrane
polarization (13, 52). Moreover, superoxide in the mitochon-
dria can cause a loss of membrane potential by stimulating
uncoupling proteins (13). Therefore, we next studied mito-
chondrial polarization in ras-expressing cells to evaluate over-
all mitochondrial health. For this, we used the cationic dye
JC-1, which localizes to normal mitochondrial membranes as
red aggregates and turns into a green monomer upon mem-
brane depolarization.

We found, using immunofluorescence, that mitochondria in
Ras-senescent cells were mostly green (depolarized) and
perinuclear (Fig. 3). This indicates a massive mitochondrial
collapse around the nucleus in senescent cells. The ratio of
red/green mitochondria was calculated by FACS, confirming
that Ras-expressing cells have an increase in the proportion of
depolarized mitochondria (Fig. 3). Since these cells keep gen-
erating large quantities of ROS (Fig. 1), we think that the loss
of membrane potential is not due to a lack of electrons enter-
ing the electron transport chain but to a loss of the proton
gradient due to increased mitochondrial membrane permeabil-
ity. In turn, the loss of membrane potential may increase ROS
production (4). For this reason, it remains challenging to de-
termine what comes first in cells expressing oncogenic ras,
superoxide production or the loss of membrane potential.
Whatever the mechanism, the data indicate that mitochondria
in Ras-senescent cells are dysfunctional. They produce more

FIG. 2. Oncogenic ras induces multiple regulators of mitochondrial biogenesis. Results are shown for real-time PCR measuring mRNA levels
of the indicated genes at days 2 and 7 after selection with a retroviral vector control or its derivative expressing oncogenic ras.
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ROS and should be compromised in ATP generation due to
the loss of the proton gradient used by the F1ATPase for
ATP synthesis. Also, mitochondrial biogenesis, which normally
would compensate for a mitochondrial dysfunction, actually
increases the pool of dysfunctional mitochondria due to the
continuous nature of the oncogenic stress.

Oxidative DNA damage and metabolic checkpoint in OIS.
The location of altered mitochondria around the cell nucleus
suggests that they release ROS in the proximity of the nuclear
envelope, where they can gain access to the DNA. DNA dam-
age in the nucleus of normal cell-expressing oncogenes already
has been characterized using techniques that detect DNA
breaks, and they could arise by either replication stress or
oxidative damage (2, 15, 28). To investigate a more direct link
between ROS and DNA damage, we used an antibody against
8-OHdG, an oxidation derivative of deoxyguanosine (10). To
facilitate the access of the antibody to the modified guanine in
the DNA, we adjusted our immunofluorescence protocol by
including a DNA denaturation step that potentially could ex-
pose 8-OHdG for antibody binding. Consistently with the ac-
cumulation of ROS in Ras-expressing cells, their nuclei were
strongly stained by this antibody compared to the staining of
control cells (Fig. 4A).

To further characterize the degree of oxidative stress in
Ras-senescent cells, we measured the expression of antioxidant
enzymes. Two days after the introduction of oncogenic ras, the
levels of SOD2 were not significantly elevated compared to
those of control cells, but they dramatically increased by day 6
after the introduction of oncogenic ras (Fig. 4B). This explains
why superoxide levels but not hydrogen peroxide were found to
be elevated early in the process of Ras-induced senescence
(Fig. 1A). We also measured catalase levels by immunofluo-
rescence and found that it was elevated by day 6 after the
introduction of oncogenic ras (Fig. 4C). Since SOD2 and cata-
lase both are known for being induced by oxidative stress (24,
44), these data support the conclusion that normal cells ex-
pressing oncogenic ras are under oxidative stress.

Although the role of oxidative damage has been considered
very important for the induction of senescence in response to
oncogenic ras (8, 25, 33, 51), mitochondrial dysfunction may
contribute to senescence through additional mechanisms. In
fact, in our hands the use of antioxidants retarded the estab-
lishment of OIS but did not prevent it completely (data not
shown). The loss of mitochondrial membrane potential we

have observed during OIS suggests a defect in oxidative phos-
phorylation. To investigate this possibility, we measured ATP
levels in cells expressing oncogenic ras and control cells 6 days
after the introduction of oncogenic ras. Cells expressing onco-
genic ras displayed a decrease in ATP levels, which is consis-
tent with the hypothesis that the loss of membrane potential
compromised ATP synthesis (Fig. 4D). This decrease in ATP
was equivalent to that observed in control cells treated with
oligomycin, an inhibitor of mitochondrial ATP synthesis. In
addition, oligomycin did not further decrease ATP levels in
cells expressing oncogenic ras, confirming once again a state of
mitochondrial dysfunction. The oligomycin-resistant ATP lev-
els in Ras-expressing cells presumably are produced by sub-
strate-level phosphorylation.

A decrease in ATP increases the AMP/ATP ratio, which
triggers a metabolic checkpoint via the enzyme AMPK (19). In
agreement, we found that AMPK was highly active in Ras-
senescent cells compared to its activity in control cells, accord-
ing to a phosphospecific antibody against the active form of
�-AMPK (Fig. 4E). Also, the levels of total �-AMPK in Ras-
expressing cells were not increased in oncogenic ras (Fig. 4F),
which is consistent with the idea that the activation of this
enzyme responds to a decrease in ATP levels. It has been
reported that AMPK activation mediates a metabolic check-
point and senescence in cells cultured with a low concentration
of glucose (19). Ras-induced senescence occurs in medium
having high-glucose content, but it still is possible that a defect
in glucose consumption rather than a mitochondrial dysfunc-
tion is responsible for the activation of this checkpoint. To
eliminate this possibility, we measured glucose consumption in
cells expressing oncogenic ras or a vector control. We found
that Ras-induced senescence was associated with higher glu-
cose consumption (Fig. 4G) compared to that of control grow-
ing cells. Taken together, the data are in agreement with a
model proposing that a mitochondrial dysfunction and not a
defect in glucose consumption is the underlying cause of the
bioenergetic defects of Ras-senescent cells.

p53 and Rb are required for mitochondrial changes and
ROS production during Ras-induced senescence. Ras-induced
senescence in human cells can be mediated by either the p53 or
the Rb family of tumor suppressors (28, 29, 43, 48). This means
that oncogenic ras can trigger senescence in human cells where
p53 or Rb is disabled but cannot do it if both pathways are
inhibited. This well-known fact (28, 29, 43, 48) indicates that

FIG. 3. Mitochondrial dysfunction in RasV12-expressing cells: JC-1 fluorescence. Red fluorescence indicates a normal membrane potential and
green fluorescence indicates mitochondrial membrane depolarization. A decrease in the ratio of red/green fluorescence measured by FACS is a
measure of the extent of mitochondrial membrane depolarization. PC, phase-contrast images.
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the pathway activated by p53 or Rb converges into a common
senescence effector mechanism that has yet to be identified.
For this reason, we wanted to investigate whether p53 and/or
Rb also could mediate the mitochondrial changes and ROS
production induced by oncogenic ras. To study the role of p53,
we used a small hairpin RNA (shRNA) previously validated to
specifically inactivate p53 (47). To study the role of the Rb
family, we used the oncoprotein E7. We found that the shRNA

against p53 did not prevent the increase in mitochondria, as
measured by MitoFluor Green fluorescence, or the ROS ac-
cumulation induced by oncogenic ras (Fig. 5A to C, top). On
the other hand, E7 was able to partially reduce MitoFluor
Green fluorescence and ROS induced by Ras (Fig. 5A to C,
middle). Of note, as reported before (28, 29, 43, 48), the
shRNA against neither p53 nor E7 rescued the senescence
phenotype (see Fig. S3 in the supplemental material), although

FIG. 4. Oxidative DNA damage during Ras-induced senescence. (A) 8-OHdG detection in Ras-expressing cells. Cells were fixed 8 days after
selection with a control vector or its derivative expressing RasV12 and were left untreated or were treated with HCl. 8-OHdG was visualized by
indirect immunofluorescence using an antibody against 8-OHdG. Representative images of cells in the population were obtained by immunoflu-
orescence microscopy. Nuclei were visualized by DAPI. (B) Real-time qPCR indicating relative levels of SOD2 mRNA at the designated times.
(C) Immunofluorescence for catalase in cells fixed at day 8 post selection. (D) ATP content of control growing cells with an empty vector (V) (set
to 100%) or cells expressing oncogenic ras (R). Cells also were treated with oligomycin (olig) at 3.5 �g/ml for 24 h or with vehicle. Data are
means 
 standard deviations. (E) Activation of AMPK as measured using an antibody against phospho-AMPK (pAMPK). (F) Total levels of the
�1 and �2 subunits of AMPK (tAMPK) as measured by immunoblots with a specific antibody. (G) Glucose consumption in cells expressing
oncogenic ras or a control vector. Cells were taken at day 6 after selection. The value for control cells was taken as a reference. Data represent
the means and standard deviations from four measurements.
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the biochemical effects of these reagents on the Rb and the p53
pathways indicate that they efficiently inhibited their targets
(Fig. 5D). If changes in mitochondria leading to the generation
of ROS are an essential part of the mechanism that mediates
cell senescence, then it is logical to propose that both p53 and
Rb individually are sufficient to promote these changes. In

agreement with this idea, when we combined the shRNA
against p53 with E7, we totally prevented the accumulation of
ROS, the increase in mitochondrial mass (Fig. 5A to C, bot-
tom), and senescence (see Fig. S3A and B in the supplemental
material) that oncogenic ras normally induces in normal cells.

E7 has multiple cellular targets, and it also could stabilize

FIG. 5. p53 and Rb pathways can independently connect oncogenic ras signals to the mitochondria. Fluorescence intensity of cells taken 8 days
after selection for the indicated vectors and analyzed by flow cytometry after staining with MitoFluor Green (A), DCFDA (B), and DHE (C).
(D) Immunoblots for p53, Ras, and tubulin for the cells used for panels A to C. V, empty vector.
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p53. Thus, we used an shRNA against p16INK4 (32) alone or
in combination with shp53 to evaluate the roles of the p16/Rb
and p53 pathways in the mitochondrial changes induced by
oncogenic ras. As we found with E7, shp16 was not sufficient to
prevent the accumulation of ROS and the increase in mito-
chondrial mass induced by RasV12, but it did so in cooperation
with shp53 (see Fig. S4 in the supplemental material).

The adenoviral oncoprotein E1A is known for blocking Ras
senescence (43), facilitating Ras-induced transformation (42).
It is known that E1A binds and inhibits Rb (50) and blocks the
senescence functions of p53 (43). In particular, E1A inhibits
p53 phosphorylation at serine 15 (14), a hallmark of the acti-
vation of the DNA damage response during senescence (3, 12).
To investigate the effects of E1A on mitochondria and ROS
production, we coinfected normal human fibroblasts with E1A

and oncogenic ras. We found that E1A inhibited the Ras-
dependent induction of mitochondrial mass and the accumu-
lation of ROS (see Fig. S5A to C in the supplemental mate-
rial). Taken together, our data are consistent with the idea of
a senescent mitochondrial effector pathway that can be acti-
vated independently by the p53 or the Rb tumor suppressor
pathway.

Mitochondrial dysfunction triggers cellular senescence. We
next asked whether a mitochondrial dysfunction could be suf-
ficient to trigger senescence. First, we knocked down the mi-
tochondrial RISP, which normally transfers electrons from
ubiquinol to cytochrome c1 in complex III (18). Shortly after
the introduction of the anti-RISP shRNA, cells slowed their
proliferation without a noticeable hyperproliferative phase, as
is observed with oncogenic ras (Fig. 6A). Six days after the

FIG. 6. Senescence after knocking down mitochondrial RISP. (A) Growth curves. Cells were plated in triplicate 2 days after infection with a
retroviral vector expressing shRNA control or shRNA against RISP. Cell counts were estimated every 2 days using a crystal violet staining assay.
(B) SA-�-Gal assay of cells described for panel A and plated 8 days after infection with the indicated vectors. (C) BrdU/PI profiles of cells
described for panel A and plated 8 days after infection. (D and E) Immunofluorescence for �H2AX (D) or PML bodies (E) of cells described for
panel A plated 6 days after infection. (F) Immunoblots for RISP and members of the p53 and Rb pathways in cells described for panel A 8 days
after infection.
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introduction of the shRNA, the cells were arrested with a flat
morphology and several senescent markers, such as SA-�-Gal
(Fig. 6B), the DNA content of G1-arrested cells (Fig. 6C), low
BrdU incorporation (Fig. 6C), DNA damage foci (Fig. 6D),
and promyelocytic leukemia (PML) bodies (Fig. 6E). The
characterization of the Rb and the p53 pathways also was
typical of senescent cells, displaying the presence of hypophos-
phorylated Rb, low E2F target expression (Mcm6), and the
induction of p53 targets such as p21 and HDM2 (Fig. 6F). The
mitochondrial profile after RISP knockdown was similar to
that of OIS, including increased staining for the ROS markers
DCFDA and DHE and for the mitochondrial mass marker
MitoFluor Green (Fig. 7A) and higher levels of mtDNA (Fig.
7B). Also, as in cells expressing oncogenic ras, knocking down
RISP decreased ATP production (Fig. 7C) and activated the
AMPK pathway, as measured with a phosphospecific antibody

against AMPK (Fig. 7D) or the AMPK target ACC (Fig. 7E).
Interestingly, RISP knockdown blocks the arrival of electrons
into complex III and inhibits ROS production by this complex
during hypoxia (5). Therefore, the observed increase in ROS
after RISP knockdown should be the consequence of electron
transfer to molecular oxygen from components of the electron
transport chain upstream of complex III.

To further characterize the role of mitochondrial dysfunc-
tion in senescence, we took advantage of the specific effects
that rotenone and oligomycin have on mitochondrial functions.
Both inhibitors immediately inhibited cell growth when used at
concentrations that do not induce cell killing (Fig. 8A), but
rotenone was more efficient at inducing the senescence marker
SA-�-Gal (Fig. 8B) and PML bodies (Fig. 8C), the production
of superoxide (Fig. 8D), and the increase in mitochondrial
mass (Fig. 8D). Rotenone inhibits complex I of the electron

FIG. 7. Mitochondrial dysfunction after knocking down mitochondrial RISP. (A) Fluorescence intensity of cells taken 6 days after infection
with shRNA control of shRNA against RISP and analyzed by flow cytometry after being stained with the indicated fluorescent probes. (B) mtDNA
levels in cells described for panel A. (C) Relative ATP levels of cells expressing shRNA control of shRNA against RISP and treated with oligomycin
(olig.; 7 �g/ml for 24 h) or vehicle. (D and E) Activation of AMPK as measured using an antibody against phospho-AMPK (phAMPK) (D) or
phospho-ACC (phACC) (E).
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transport chain, leading to an increase in the production of
superoxide by this complex (36, 38). Since cells still can use
complex II to channel electrons into the electron transport
chain, rotenone does not compromise ATP production as does
oligomycin, an inhibitor of the mitochondrial ATP synthase
(Fig. 8E). Thus, blocking mitochondrial functions at the levels
of complex I, which leads to ROS production, or at the level of
the F1ATPase, which leads to a decrease in ATP synthesis, can
induce a partial senescence phenotype. On the other hand,
interfering electron transport at the level of complex III leads
to ROS production, a decrease in ATP synthesis, and a robust
senescence phenotype. Taken together, these results suggest
that ROS and ATP shortage contribute distinctly to the senes-
cence phenotype, and these two defects cooperate in the con-
text of Ras-induced senescence.

DISCUSSION

We show here that the expression of oncogenic ras in normal
human cells leads to notable changes in mitochondria, charac-
terized by the production of ROS and a loss in mitochondrial

membrane potential and mitochondrial biogenesis. These
changes appeared before the senescence cell cycle arrest and
were totally prevented by disabling the p53 and Rb tumor sup-
pressors, which are known to regulate independently the senes-
cence effector mechanism (28, 29, 43, 48). These mitochondrial
alterations may contribute to Ras-induced senescence, because
reproducing its effects by RNA interference against a component
of the electron transport chain or the use of drugs that interfere
with electron transport and oxidative phosphorylation was suffi-
cient to trigger a senescent cell cycle arrest.

Normally, mitochondria use electrons from different carbon
sources to generate a proton gradient across the inner mito-
chondrial membrane. The energy of this gradient is used to
generate ATP (9, 30). In Ras-senescent cells, mitochondria are
dysfunctional because they allow electrons to partially reduce
molecular oxygen, generating high levels of superoxide. Also,
most mitochondria in Ras-expressing cells have lost their mem-
brane potential and thus should be compromised for ATP
generation. Consistently with this hypothesis, Ras-senescent
cells have lower ATP levels than control cells, but their levels

FIG. 8. Rotenone and oligomycin induce a cell cycle arrest with some characteristics of senescence. (A) For growth curves, 5 � 104 cells were
plated in 12-well plates. Twenty-four hours later, rotenone (1.5 �M) or oligomycin (7 �g/ml) was added (day 0). Drugs were added with fresh
medium every 2 days, and cells were counted at the indicated time points. (B) SA-�-Gal was added 5 days after treatment. (C) PML bodies were
detected by immunofluorescence. We quantified the number of cells having 5 or more PML bodies, and the numbers are indicated at the bottom
right of each panel. Rot. 5d, rotenone administration for 5 days; Olig. 5d, oligomycin administration for 5 days. (D) Fluorescence intensity of cells
analyzed by flow cytometry after being stained with the indicated fluorescent probes. (E) Relative ATP levels of cells treated with rotenone or
oligomycin.
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are similar to those attained after the inhibition of oxidative
phosphorylation with oligomycin. In addition, ATP levels in
Ras-senescent cells could not be reduced further by oligomy-
cin. Taken together, the data suggest that the observed drop in
ATP levels in Ras-expressing cells is the consequence of mi-
tochondrial dysfunction. Nevertheless, we cannot eliminate the
possible contribution of an increase in cellular ATPase activi-
ties or metabolic futile cycles to this drop in ATP levels.

We do not think that mitochondrial dysfunction is a direct
consequence of Ras signaling. Our results clearly show that in
the absence of p53 and Rb, oncogenic ras does not induce
mitochondrial dysfunction. A critical question is how p53 and
Rb pathways affect mitochondria. Data from the literature
suggest several mechanisms. First, p53 can be exported from
the nucleus and localize to mitochondria, where it may affect
electron transport, permeability, and ROS production (31).
Second, several p53 target genes may contribute to mitochon-
drial changes and/or ROS production (39). Rb also could con-
tribute to mitochondrial accumulation, since it has been re-
ported that Rb was required for mitochondrial biogenesis
during erythropoiesis (41). More studies will be required to
elucidate the molecular pathways linking p53 and Rb to mito-
chondria during OIS.

Mitochondrial dysfunctions give rise to cellular stresses that
could further activate p53 and Rb. For example, the oxidative
stress observed in Ras-senescent cells is a well-known stimulus
for p53 activation (8, 46, 51). The DNA damage resulting from
the interaction of ROS with nuclear or mtDNA also could
activate p53 (1) and Rb (17). Finally, the drop in ATP levels
with the consequent activation of AMPK could stimulate p53
as well (19). The result of this interplay is the generation of
positive feedback loops that could sustain p53 and Rb activa-
tion during senescence. This situation is reminiscent of cells in
replicative senescence, where mitochondrial dysfunction was
found to play an important role (34). We propose that during
replicative senescence, short telomeres constitute the first sig-
nal leading to the activation of p53 and Rb. p53 and Rb then
affect mitochondria, leading to the generation of ROS and
mitochondrial dysfunction, as we have shown here during OIS
(Fig. 9).

If OIS involves mitochondrial dysfunction leading to DNA
damage and bioenergetic checkpoints, how are these processes
circumvented during tumorigenesis? Clearly, any process that
helps to restore ATP production and prevent oxidative damage
may help to bypass the senescence checkpoint. It is known that
cancer cells preferentially use glycolysis instead of respiration
to obtain energy (Warburg effect) (20). This metabolic rear-
rangement would achieve precisely what is needed to prevent
senescence, avoiding the entry of pyruvate (and, indirectly,
electrons) into the mitochondria and generating ATP by sub-
strate-level phosphorylation. Consistently with this idea, it has
been reported that the overexpression of phosphoglycero-
mutase or glucose phosphate isomerase increases the glycolytic
flux and the resistance to oxidative stress, rendering mouse
fibroblasts refractory to Ras-induced senescence (22). A high
glycolytic flux also correlated with the unlimited proliferative
potential that characterizes embryonic stem cells (23). These
cells are resistant to a variety of stresses that induce senescence
in primary cells (23), suggesting that some tissue stem cells do

not use the senescence anti-tumor barrier in response to on-
cogenic insults.

One important part of our study indicates that interfering
with mitochondrial functions using RNA interference against
RISP is sufficient to trigger a senescence phenotype in normal
human fibroblasts. This is consistent with other studies that
found that it was possible to induce senescence in normal
fibroblasts by using antimycin A or oligomycin (45). Since
oncogenic ras triggers mitochondrial changes similar to those
obtained by knocking down RISP, it is possible to conclude
that mitochondrial dysfunctions contribute to Ras-induced se-
nescence. The mitochondrial dysfunction we observe in cells
expressing oncogenic ras depends on an intact p53 or Rb path-
way. Therefore, mitochondria are not the initial targets of
oncogenic activity but play a role as an effector mechanism
where the activity of the p53 and Rb tumor suppression path-
ways converge to regulate senescence (Fig. 9). Cancer cells are
sensitive to mitochondrial poisons such as rotenone (36), sug-
gesting that mitochondria can be targeted for cancer therapeu-
tics. However, rotenone can induce growth arrest and senes-
cence in normal cells. Further studies are required to find
strategies that can engage the mitochondrial senescence effec-
tor pathway in tumor cells but spare normal cells.
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FIG. 9. Mitochondrial dysfunction as an effector mechanism of
OIS and replicative senescence (short telomeres). The oncogenic ac-
tivity of the Ras/mitogen-activated protein kinase pathway induces a
replication stress (12) and mitochondrial biogenesis leading to DNA
damage and the activation of the p53 and Rb pathways. The activity of
these tumor suppressors converge in the mitochondria to induce a
senescence effector pathway characterized here as a metabolic check-
point and oxidative stress. This is not a linear pathway, since the effects
of mitochondrial dysfunction can activate the p53 and Rb pathways,
generating positive feedback mechanisms that we propose contribute
to keeping cells senescent.
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